The Bacillus thuringiensis Cry toxin causes swelling and necrosis in insect cells, but the route(s) and significance of the water influx involved in its cytotoxicity are unclear. Here, we assessed the role of aquaporins (AQPs), known as water channels, in Cry toxin intoxication. An AQP inhibitor did not interfere with any known process to form the toxin pore, but it diminished the cell swelling and loss of membrane integrity induced by the Cry toxin. Overexpression of AQPs facilitated water influx and cytotoxicity. Our results demonstrate that water influx via aquaporin directly determines necrotic cell death induced by the Cry toxin.
The insect pathogen Bacillus thuringiensis produces various enterotoxins, including the Cry toxin, to destroy insect epithelial cells and enable bacteria to invade the hemocoel [1] . The Cry toxin causes columnar cells to swell, burst, and ultimately separate from the basal lamina [2] . The mode of action of Cry toxins has been widely studied, particularly in lepidopteran insects; thus far, the most influential hypothesis integrates the pore formation model [3] and the colloidosmotic lysis model [4] . The Cry toxin is known as one of the pore-forming toxins and forms a pore on the cell membrane allowing it to be permeable to small solutes, such as cations, following specific interactions with receptors [5] . In the lepidopteran insect midgut, the H + V-ATPase and K + /H + exchanger in goblet cells generate a K + gradient between the lumen and the cytoplasm, leading to a highly alkaline environment within the midgut lumen [6, 7] . After pore formation by the Cry toxin, the influx of small solutes, including K + , through the pore is thought to cause depolarization of the cell membrane, alkalinization in the cytoplasm, and a break in osmotic equilibrium, resulting in high cytoplasmic osmotic pressure that induces water influx into the cytoplasm, cell swelling, and lysis [4] . This colloid-osmotic lysis hypothesis is the most likely explanation of the mechanism of cell death after pore formation, but experimental evidence does not fully support this theory. Additionally, the timing that determines the fate of cell death among the processes (i.e., pore formation, ion influx, depolarization, alkalinization, and water influx) mediated by the Cry toxin is obscure. On the other hand, there is an alternative model, the signal transduction model, which proposes that adenyl cyclase/PKA signaling, evoked by the Cry toxin binding to cadherin-like receptors, induces oncosis-like cell death [8] . Despite the strong antiswelling effect of PKA inhibitors on Hi5 cells expressing Manduca sexta cadherin-like receptors, the involvement of signaling in the mode of action of the Cry toxin has not been yet demonstrated in vivo. Furthermore, this hypothesis excludes the contribution of the toxin pore to its intoxication. Thus, the mode of action of the Cry toxin is complicated and not completely understood.
Although many previous studies have addressed receptor interaction and pore formation [3, 5] , only a few studies have paid attention to the water influx caused by the Cry toxin and other bacterial pore-forming toxins. As the lipid bilayer is minimally permeable to water, membrane protein(s) should be involved in the water influx induced by the Cry toxin. Some membrane proteins have been identified as candidates that may mediate water movement. Various ion channels with water-filled pores and related transporters were suggested as providing water permeability to the membrane [9, 10] . The toxin pore of the Cry toxin appears to be poorly selective and was shown to be permeable to cations, such as K + , Na + , and Ca 2+ ; anions, such as Cl À ; amino acids; and sugars [11, 12] . However, no evidence thus far can support or rule out the possibility that toxin pores directly mediate the water influx by the Cry toxin. The most likely molecule is aquaporin (AQP), a membrane protein responsible for water transport [13] whose expression enables the cell membrane to increase its water permeability up to 50-fold [14, 15] . Among the lepidopteran insects, three Bombyx mori AQPs, including AQP-Bom1, AQP-Bom2, and AQPBom3, have been identified and functionally characterized [16, 17] . The three AQPs are assigned to different AQP subtypes; AQP-Bom1 belongs to the Drosophila integral protein (Drip) subtype and is specifically permeable to water [17] ; AQP-Bom2 is a so-called Entomoglyceroporin (Eglp) subtype [18] and is permeable to water, glycerol, and urea [16] ; and AQP-Bom3 is assigned to the Pyrocoelia rufa integral protein (Prip) subtype, a sister group of Drip subtype, and is waterspecific [17] . Among these AQPs, AQP-Bom1 and AQP-Bom2 are expressed at the apical surface of the columnar cells of the middle and posterior midgut in B. mori larvae [19] that represent the target cells of Cry toxins. Owing to the passive water transport via AQPs, water in the midgut fluid should flow across the cell membrane into columnar cells via AQPs if the cytoplasmic osmotic pressure were increased by the Cry toxin.
In the present study, we examined the role of AQPs in Cry toxin intoxication. Our data suggest that the water influx induced by the Cry toxin is mediated by AQPs and not by the Cry toxin pore; they also suggests that water influx directly determines necrotic cell death in Cry toxin intoxication.
Material and methods

Cry toxin preparation
Cry1Aa toxin was produced as a recombinant protein from Escherichia coli as described before [20] . Cry1Ca toxin was produced from B. thuringiensis recombinant strain (a kind gift from Masson) [21] . The inclusion bodies were solubilized and activated as described elsewhere [22] . The toxin concentration was determined by densitometry using AlphaDigiDoc TM (Alpha Innotech, San Leandro, CA, USA).
RT-PCR
Total RNA of Sf9 cells was extracted with ISOGEN II (NIP-PON GENE, Tokyo, Japan) and the cDNA was synthesized using ReverTra AceÒ (TOYOBO, Osaka, Japan). Aquaporin genes in Spodoptera frugiperda were identified using BLAST in SPODOBASE (http://bioweb.ensam.inra.fr/spod obase/). Amino acid sequences of AQP-Bom1 (BAD69569.1) and AQP-Bom2 (BAE97427.1), and AQP-Bom3 (BAH29748.1) in B. mori were used as queries for tblastn search [16, 17] . Contigs obtained from tblastn search were assembled using ATSQ software ver. 5.2 (Genetyx, Tokyo, Japan). Primers for RT-PCR are shown in Table S1 .
Phylogenetic analysis
Amino acid sequences of insect AQPs were aligned and the phylogenetic tree was generated by the neighbor-joining method using CLC sequence viewer ver. 7.5 (CLC bio, Aarhus, Denmark). The tree was drawn using ITOL online tool (http://itol.embl.de) [23, 24] .
Swelling assay of Sf9 cells against Cry toxins
Sf9 cells were cultured at 25°C in Sf-900 SFM II (Thermo fisher scientific, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS, BioWest, Nuaill e, France), 100 unitsÁmL À1 penicillin, and 100 lgÁmL À1 streptomycin.
Sf9 cells expressing BmABCC2 were prepared as described in Tanaka et al. [20] and seeded on the cover glass, incubated for 30 min at 25°C, and washed with phosphatebuffered saline (PBS; 137 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , 1.8 mM KH 2 PO 4 , pH 7.4). The cover glass was turned over and placed on the two-hole slide glass (Matsunami, Osaka, Japan) filled with various concentrations of MMTS (Tokyo Chemical Industry, Tokyo, Japan) in PBS with or without activated Cry toxin. After 1-h incubation at 25°C, the cells were observed under phase-contrast microscopy (BX53, Olympus, Osaka, Japan). where A indicates the mean of areas of the cells in photos.
The cell volume (V) (n = 30) was calculated assuming cells to be a perfect sphere using the equation V = (4/3)pr 3 . Cell volume increase (pL) after Cry toxin administration was estimated by subtraction of the final volume of control Sf9 cells from that of Sf9 cells which were treated with toxin. The release of lactate dehydrogenase (LDH) was detected as an indicator of necrotic cell death using LDH Cytotoxicity Detection Kit (Takara Bio, Tokyo, Japan). About 1.0 9 10 5 Sf9 cells were incubated with various concentrations of MMTS with or without Cry toxin for 1 h. Subsequently, LDH activity of each supernatant was measured by absorbance at 490 nm using an iMark microplate reader (Bio-rad Laboratories, Tokyo, Japan). Statistical analysis was performed using two-way ANOVA followed by Turkey's multiple comparisons test (PRISM ver. 5; Graph-Pad, La Jolla, CA, USA).
Detection of Cry toxin binding to Sf9 cells and oligomerization
About 5 9 10 7 of Sf9 cells and Sf9 cells expressing BmABCC2 were incubated with PBS containing 100 nM Cry1Aa toxin for 30 min. Cells were collected and washed with PBS twice. Subsequently, Cry toxin which bound to and inserted into cell membrane was solubilized with PBS containing 0.5% n-Dodecyl-b-D-maltopyranoside (DDM) for 1 h. To detect the oligomerized toxin, solubilized samples were incubated at 50°C for 5 min and applied to SDS/PAGE analysis followed by western blot analysis using Cry1Aa antiserum.
Measurement of intracellular Na + using a fluorescent Na + indicator
Sf9 cells expressing BmABCC2 seeded on the cover glass were incubated with PBS containing 1 lM CoroNa TM Green-AM (Thermo Fisher Scientific), a fluorescent Na + indicator for 10 min and subsequently incubated with Cry toxin alone or Cry toxin and MMTS under a circulatory buffer flow system. The fluorescence intensities were measured using MetaViewÒ imaging system under the fluorescence microscope BX53 (Olympus, Tokyo, Japan). The relative increase of Na + amount of a whole cell was calculated as the fluorescence ratio (F/F 0 ) and normalized using that of negative control (PBS buffer alone).
Overexpression of AQPs using recombinant baculovirus
The B. mori midgut and hindgut cDNA was prepared from tissues of third instar larvae using the same reagents described above. The cDNAs of AQP-Bom1 and AQPBom2 were amplified by PCR using hindgut and midgut cDNA as templates, respectively. Primers shown in Table S1 were designed based on NCBI nucleotide sequences: AQP-Bom1, AB178640.1; AQP-Bom2, AB245966.1, respectively [17] . The amplified cDNAs were cloned into pBAC4x-1 vector (Novagen, Madison, WI, USA) that enhanced green fluorescent protein (EGFP) was already cloned into another multicloning site as previously described [20] . Recombinant baculovirus harboring AQPBom1 and AQP-Bom2 were generated using BacMagic TM kit (Merck Millipore, Tokyo, Japan) according to the manufacturer's instructions. Sf9 cells were infected with the recombinant viruses and used for cell swelling assay after 72-h culture.
Results
MMTS diminishes the cell swelling and cytotoxicity caused by the Cry1Aa toxin
To clarify whether AQPs are involved in the water influx induced by Cry toxins, we conducted an inhibition assay with an AQP inhibitor. Because mercury chloride, a well-known AQP inhibitor, is highly toxic to Sf9 cells, we used an alternative nonmercurial sulfhydryl regent, S-methylmethanethiosulfonate (MMTS), which is a relatively highly specific inhibitor of the water transport activity of AQP [25] . MMTS is a reagent that reversibly sulfenylates thiol groups; it is believed to react with a cysteine residue located at the surface of the aqueous pore of AQPs and blocks the pore as well as mercury chloride. We previously reported that B. mori ABC transporter C2 (BmABCC2) confers Sf9 cells with high susceptibility toward the Cry1Aa toxin that is not natively active in relation to Sf9 cells [20] . We used this system to evaluate the contribution of AQPs to the water influx induced by the Cry toxin. After a 1-h incubation with 100 nM Cry1Aa toxin, almost all Sf9 cells expressing BmABCC2 were swollen, but MMTS treatment inhibited cell swelling in a dose-dependent manner, and no swollen cells were observed with the 300-lM MMTS treatment (Fig. 1A) . Using image analysis to estimate cell swelling (an increase in volume) from the apparent area of cells, we observed a significant inhibition of swelling following MMTS treatment (Fig. 1B) . The inhibitory effect of MMTS on Cry1Aa toxindependent cytotoxicity was also evaluated by measuring the release of lactose dehydrogenase (LDH), an indicator of necrotic cell death. The LDH release induced by Cry1Aa intoxication was decreased by MMTS treatment in a dose-dependent manner and diminished to a background level with the 300-lM MMTS treatment (Fig. 1C) . These results suggest that MMTS allows the cells to avoid both the cell swelling and cell death caused by the Cry1Aa toxin.
MMTS does not interfere with Cry1Aa toxin binding to and pore formation in Sf9 cells
Although MMTS completely protected Sf9 cells expressing BmABCC2 from the cell swelling and cytotoxicity induced by the Cry1Aa toxin, the possibility that MMTS influences not only the AQP activities but also the binding and pore formation of the Cry toxin had not been excluded. As Cry1Aa has no cysteine residues in the activated form, it cannot be sulfonylated by MMTS. All Sf9 membrane proteins having a cysteine residue on the surface might be susceptible to sulfonylation by MMTS. BmABCC2 has a cysteine residue in extracellular loop 4, and sulfonylation by MMTS to the residue might affect toxin binding and the further steps of pore formation. Accordingly, we next investigated whether MMTS affects the toxin binding to the cell membrane, oligomerization, pore formation, and cation influx caused by the Cry1Aa toxin. After incubation with 100 nM Cry1Aa toxins and 30 mM MMTS or 30 mM MMTS alone for 30 min, cell membrane fractions from Sf9 cells expressing BmABCC2 were analyzed by western blot using Cry toxin antisera. The bands corresponding to the toxin monomer (~60 kDa) and oligomers of Cry1Aa were detected regardless of MMTS treatment although the lower bands of oligomers are smearing probably due to small amount and low stability (Fig. 2) , suggesting that MMTS does not interfere with toxin binding and oligomerization. We further confirmed whether pore formation was completed under MMTS treatment. A fluorescent Na + indicator, CoroNa TM Green-AM, was loaded onto Sf9 cells expressing BmABCC2, and the relative fluorescence intensity in the whole area of the single cell (n = 10) was measured during the incubation with the Cry1Aa toxin alone or with the Cry1Aa toxin and MMTS. When cells were incubated with 100 nM Cry1Aa, the fluorescence intensity increased exponentially from 0 to 15 min and then became saturated (Fig. 3) . This suggests that cytoplasmic Na + continuously increased for 15 min due to the increase in the number of toxin pores on the membrane during incubation, that Na + -permeable toxin pores are stable, and that the electrochemical equilibrium of Na + across the cell membrane was attained at around 15 min after intoxication. Under MMTS treatment, the fluorescence intensity also increased in a similar manner, suggesting that MMTS treatment does not inhibit the pore formation of Cry1Aa and the Na + influx into the cytoplasm, although, for an unknown reason, the intensity decreased over a few minutes immediately after incubation began (Fig. 3) . These results suggest that the inhibitory effect of MMTS that diminished the cell swelling and cytotoxicity induced by the Cry toxin was a result of AQP inhibition.
Drip and Eglp subtypes of S. frugiperda AQPs are expressed in Sf9 cells
To identify which subtype(s) of AQPs is/are expressed in Sf9 cells, we first attempted to identify S. frugiperda aquaporin genes using BLAST in SPODOBASE (http:// bioweb.ensam.inra.fr/spodobase/) and cDNA sequen ces of silkworm AQPs as queries, and we predicted full-length cDNA sequences of S. frugiperda AQPs. We assembled obtained contigs and identified two putative cDNAs. We named the putative orthologs of AQP-Bom1 and AQP-Bom2 SfAQP1 and SfAQP2, respectively. With regard to the ortholog of AQPBom3, we found only partial cDNA sequences, consisting of 92 amino acid residues, and named it SfAQP3-partial. A phylogenetic analysis of the insect AQPs showed that SfAQP1, SfAQP2, and SfAQP3-partial belong to the Drip clade, Eglp clade, and Prip clade, respectively (Fig. 4A ). SfAQP1 and SfAQP2 were found in the Sf9LR database; these were constituted from the expressed sequence tag (EST) sequences of Sf9 cells, whereas SfAQP3-partial was not. Polymerase chain reaction (PCR) using cDNA from Sf9 cells revealed that SfAQP1 and SfAQP2 are expressed in Sf9 cells (Fig. 4B) , which is in agreement with the results of the BLAST search using Sf9LR. An unexpected band was observed in the SfAQP2 lane (Fig. 4B, lane 2, upper) , but sequence analysis confirmed that the lower band was the expected fragment of SfAQP2 cDNA (data not shown). Using homology modeling, we predicted that both SfAQP1 and SfAQP2 would have a cysteine residue in the aqueous pore (Fig. S1 ), indicating that these AQPs are MMTSsensitive. These data suggest that both the Drip and Eglp subtypes of AQPs are involved in the water influx induced by Cry toxin intoxication in Sf9 cells.
Overexpression of AQPs results in faster swelling and cell death when Sf9 cells are intoxicated by the Cry toxin
To further confirm whether these AQPs contribute to the water influx caused by the Cry toxin, we prepared Sf9 cells that overexpress the same types of AQP from B. mori, AQP-Bom1, or AQP-Bom2. Using recombinant baculovirus, we assessed whether the number of AQP molecules in the cell membrane affects the speed of the cell swelling and cytotoxicity of the Cry1Ca toxin that is active against Sf9 cells. The sequential cell volume increases of AQP-expressing cells every 10 min up to 1 h was estimated based on the image analysis using the photographs in Fig. 5A . Results revealed that the cell volumes of Sf9 cells expressing AQPBom1 or AQP-Bom2 increased significantly more rapidly up to 30 min than did the volumes of Sf9 cells expressing EGFP alone (Fig. 5B) , suggesting that ectopically expressed AQPs also mediate the water influx caused by the Cry toxin. However, the cell volume after the 1-h incubation decreased compared with that after the 30-min incubation (Fig. 5B) , probably because most cells lost their membrane integrity, burst, and shrank. The LDH release of Sf9 cells expressing AQPs from B. mori against the Cry1Ca toxin was also significantly faster than that of Sf9 cells expressing EGFP (Fig. 5C ), and this occurred in a manner consistent with faster cell swelling (Fig. 5B) . Based on the use of EGFP fluorescence as an expression marker, the expression level of each molecule was similar (Fig. S2 ).
Discussion
Route of water influx in the cell swelling caused by the Cry toxin When Sf9 cells expressing BmABCC2 were treated with both Cry1Aa toxin and MMTS, the AQP inhibitor MMTS did not interfere with any of the steps of the known mode of action of the Cry toxin, including the toxin binding to and oligomerizing on the membrane to form the pore, or with the subsequent cation influx ( Fig. 2 and 3) ; this suggests that the pore formation of the Cry toxin was completed in the presence of MMTS. Therefore, as high cytoplasmic osmotic pressure was generated by the cation influx even under MMTS treatment, water could enter the cytoplasm if the toxin pore and MMTS-insensitive proteins were permeable to water and the main route(s) of the water influx induced by the Cry toxin. However, MMTS drastically inhibited cell swelling of Cry1Aa-treated Sf9 cells expressing BmABCC2 (Fig. 1) , indicating that the toxin pore is not permeable to water and that MMTS-sensitive endogenous membrane protein(s) in Sf9 cells, including AQPs, are involved in the water influx induced by the Cry1Aa toxin. MMTS was used as a human AQP inhibitor [25] , and the two putative AQPs expressed in Sf9 cells are predicted to have a cysteine residue at the surface of the aqueous pore (Fig. S1 ) and are expected to be MMTS-sensitive. These results suggest that the inhibition of AQP activities by MMTS is one of the main factors that diminishes cell swelling. However, it must be noted that we could not completely exclude the possibility that the water influx when cells were intoxicated by the Cry toxin was diminished by MMTS ( Fig. 1) as a consequence of the inhibition of other MMTS-sensitive membrane protein(s). On the other hand, the overexpression of B. mori AQPs in Sf9 cells resulted in faster water influx induced by the Cry1Ca toxin compared with that in Sf9 cells expressing EGFP (Fig. 5) , indicating that AQPs significantly contribute to the water influx involved in Cry toxin intoxication. 
Direct determination of cell death
The inhibition of cell swelling by MMTS (Fig. 1B) and the promotion of that by AQP overexpression (Fig. 5B) directly correlated with the inhibition and promotion of LDH release, respectively (Figs 1C and 5C), suggesting that cell swelling, a general hallmark of necrosis, is necessary and sufficient to induce necrotic cell death by the Cry toxin. Conversely, these results also imply that pore formation, cation influx, depolarization, and signaling cascades via ion influxes and a change in cytoplasmic osmotic pressure per se are not direct determinants of necrotic cell death induced by the Cry toxin. With regard to cation influx, the increase of intracellular Na + has been reported as a general index of necrotic cell death [26] , but it was also shown that the monovalent ion itself is not sufficiently toxic to cause cell death. For example, when Jurkat cells were treated with ouabain, a Na + /K + -ATPase inhibitor, cells remained viable following an increase in the concentration of intracellular Na + up to 10-fold [27] . In agreement with this, MMTS-treated cells did not exhibit necrotic cell death after a 1-h incubation (Fig. 1C) , although cytoplasmic Na + significantly increased and reached a plateau after a 15-min incubation with the Cry toxin (Fig. 3) .
The conditions of our in vitro observations using cultured cells could differ from those of in vivo midgut tissue surrounded by midgut fluids with a high pH in lepidopteran insects. According to the model of Cry toxin action in vivo proposed by Knowles and Dow, depolarization closes gap junctions between a goblet cell and a columnar cell, resulting in a depletion of K + in goblet cells [28] . The model also proposes that the cytoplasm of the columnar cell would be strongly alkalinized if the toxin pore would be permeable to H + [28] . The relative contributions of various factors following pore formation to the death of the insect, such as closing of the gap junctions and cellular alkalinization, remain obscure. Therefore, in vivo validation using midgut epithelial cells or larvae is required to understand the real determinants of Cry toxininduced midgut cell death. An alternative nontoxic AQP inhibitor is necessary to investigate the contribution of water influx or AQPs because MMTS is toxic to isolated midgut cells and larvae (data not shown). columnar cells in B. mori [19] , mediate water influx (Fig. 5A,B) , and the increased expression of the two AQPs in Sf9 cells resulted in faster LDH release in response to the Cry1Ca toxin (Fig. 5C) . Accordingly, expression levels of AQPs in midgut columnar cells in different larval stages, in different regions of the midgut, and under different environmental conditions may affect larval susceptibility to Cry toxins. According to several examples, the susceptibility of different instar larvae against the Cry toxin differ [29] , although the difference in the expression levels of AQPs per se between those larvae have not yet been determined. The middle and posterior midgut are generally more susceptible to the Cry toxin than is the anterior midgut, and the expression levels of AQP-Bom1 and AQP-Bom2 are higher in the middle and posterior midgut than in the anterior midgut in B. mori [19] ; the expression levels of AQPs are changed after liquidfeeding [30] and in response to environmental changes, such as dehydration [31] . In such cases, differences in the expression levels of not only Cry toxin receptors but also AQPs can generate differences in insect susceptibility. Little is known about the regulation of insect AQPs in membrane trafficking and gating by phosphorylation, but this phenomenon is understood in mammalian and plant AQPs [32, 33] . Given that insect AQPs are also regulated by post-translational modifications, cells of the insect midgut might immediately reduce the number of AQP molecules on the cell membrane in response to the change in osmotic pressure induced by the Cry toxin intoxication, and such modifications may act as a cellular defense that decreases the cell damage caused by the Cry toxin. Further studies not only on the mode of action of the Cry toxin but also on modulations of insect AQPs will provide important insights related to this issue.
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